the absorption threshold related to the band-gap and the sunlight absorbed as a function of the photon energy.
Introduction
Of particular interest are those semiconductors with physical properties appropriate for photovoltaic applications. An important property for the semiconductors to be able to convert photon energy into useful work in an external circuit is the absorption coefficient. This property indicates 1 3 126 Page 2 of 5 solar cells (E g ~ 1.1 eV with maximum solar cell efficiency ~41 % [14] [15] [16] ). It indicates that this compound could be suitable as a solar radiation absorber in solar cells.
Therefore, an additional knowledge of the influence of the electronic and optical properties of the absorption coefficients of the CuPbSbS 3 -bournonite is needed in order to evaluate its potential for photovoltaic solar cells. Understanding the fundamental factors responsible for the absorption will provide new insight into refining and focusing on design pathways to reach the device level.
The identification and design of new materials require an approach beyond the classic which selects good photovoltaic absorbers exclusively on the basis of their band-gap. This approach should be based on the sunlight absorbed and the thickness of the solar cell, i.e., the absorption coefficient. The classic approximation, based on the band-gap, is in part due to the simplification of the calculation and the difficulty in obtaining absorption coefficients (theoretically or experimentally) with respect to obtaining energy band-gaps. First principles are an important and powerful complementary tool, allowing these basic properties, which are hardly accessible through experiments, to be obtained and quantified. Therefore, to achieve these objectives we present a study of these electronic and optical properties together with the fundamental aspects affecting absorption using first principles. In addition, we will analyze the potential for photovoltaics obtaining the maximum efficiencies when these materials are used as light absorbers in solar cell devices.
Methodology
The first-principles methodology used to obtain the electronic and optical properties is based on the density functional theory (DFT) [18, 19] . However, the spurious electron self-interactions are not dealt with properly using the standard approximations. It leads to an underestimation of both the band-gap and the bond length of weakly bound molecules and solids, and an overestimation of both the bandwidth and the binding energy, etc. In order to avoid partially the DFT self-interaction problem, an effective on-site Coulomb U (DFT + U) factor is used [20] [21] [22] [23] [24] . The value of U depends on the choice of the orbital subspace on which the correction is applied, on the way the orbital occupations are computed, and on the DFT + U implementation chosen [21] [22] [23] [24] . In this work we will use the DFT + U methodology and implementation described in references [21, 22] . Furthermore, the generalized gradient approximation (GGA) from Perdew, Burke and Ernzerhof [25, 26] is used for the exchange-correlation potential, and the standard Troullier-Martins [27] pseudopotentials are adopted and expressed in the Kleinman-Bylander [28, 29] form. A numerically localized pseudoatomic orbital basis set [30] is used to expand the valence wave functions. Periodic boundary conditions, spin polarization, double-zeta with polarization localized basis sets, and the orthorhombic Pmn2 1 (space group 31) crystal structure with 100 and 180 special k-points in the irreducible Brillouin zone are used in all calculations.
In order to obtain the optical properties we have obtained the momentum matrix elements p μλ between the µ and λ bands at k points in the Brillouin zone, where
. Both, the local and non-local parts of the pseudopotentials have been considered in these calculations. From energies E µ, k , occupations f µ, k and momentum matrix elements p μλ at k points, we have obtained the complex dielectric function and other optical properties using the Kramers-Kronig relationships.
In addition, the momentum matrix elements can be split
, where p μλ AB is the component that couples the basis set functions on the A and B atoms. Similarly, the absorption coefficients and other optical properties can be split into α = ∑ A ∑ B α AB + (terms involving three and four different species). α AA and α AB are the intra-and interspecies contributions to the total absorption coefficient.
Results and discussion

Structure and electronic properties
CuPbSbS 3 -bournonite crystallizes into an orthorhombic class, Pmn2 1 (space group 31), with lattice parameters a = 8.153 Å, b = 8.692 Å, c = 7.793 Å, and α = β = γ = 90° [12, 13] . There are four different atoms (chemical species) in this structure, but nine symmetrically non-equivalent chemical species: Pb 1 , Pb 2 , Sb 1 , Sb 2 , Cu, S 1 , S 2 , S 3 , and S 4 . Figure 1 shows the details of the crystalline structure and the non-equivalent atoms. The distributions of the first shells of the nearest neighbors around the non-equivalent atoms are: Pb 1 (S 1 + 2S 3 + S 2 + 2S 4 ), Pb 2 (S 2 + 2S 4 +2S 4 +2Cu + 2S 3 ), Sb 1 (S 2 + 2S 3 ), Sb 2 (S 1 + 2S 4 ), Cu (S 1 + S 2 + S 3 + S 4 ), S 1 (Pb 1 + Sb 2 + 2Cu), S 2 (Pb 2 + Sb 1 + 2Cu), S 3 (Pb 1 + Pb 2 + Sb 1 + Cu), and S 4 (Pb 1 + Pb 2 + Sb 2 + Cu). Therefore, in the crystalline CuPbSbS 3 structure the Pb 1 and Pb 2 atoms are surrounded (at an inter-atomic distance of <3.5 Å) by six and nine S atoms, respectively. The Sb atoms have a trigonal pyramidal coordination with the
S atoms, and these SbS 3 pyramids are isolated. The Cu atoms are tetrahedrally coordinated with slight deformations by four S atoms. The Cu tetrahedra share corners parallel to the c axis.
Compared with different compounds but with a similar composition as the CuMS 2 (M = Sb, Bi) [1] and the tetrahedrites [2] , the Pb atoms have a very different environment than the Sb or Bi atoms in other structures. The Sb or Bi atoms form trigonal pyramids linked to three S atoms whereas Pb 1 and Pb 2 atoms are surrounded by six and nine S atoms, respectively. Therefore, the CuPbSbS 3 -bournonite is not obtained by substitution of Sb or Bi by Pb in other ternary Cu-Sb-S structures.
In order to obtain the optoelectronic properties we applied the orbital-dependent one-electron potential using the DFT + U formalism described in references [21, 22] . The gaps obtained with U = 0/3/4 eV, are 0.57/1.04/1.22 eV. As a result of the well-known tendency of DFT calculations, the value with U = 0 underestimates the band-gap as compared to the experimental (~1.22 eV [12] ). However, the band-gap is closer to the experimental when including an effective Hubbard U = 4 eV in the Hamiltonian.
The analysis of the projected density of states on shell species states (Fig. 2) reveals that the states of the VB and CB edges are derived mainly from the p(S) + d(Cu) and p(S) + p(Sb) + p(Pb) states, respectively.
Optical properties
The CuPbSbS 3 -bournonite energy band-gap (E g ~ 1.22 eV) indicates that this compound may be suitable as a solar radiation absorber in solar cells because the band-gap is closer to the optimal (~41 % at E g ~ 1.1 eV [14, 16] ). Nevertheless, a good candidate for photovoltaic applications must also have a high optical absorption. In order to confirm their application in photovoltaics, we have obtained their optical properties.
Experimentally the reflectivity R and the real refraction index n 1 are 26 and 3.1 %, respectively, in the 1.15-1.30 eV energy range [12] . Our results with Ua = 4 eV in this energy range are 25 and 4 % approximately. Therefore, they compare reasonably well with the experimental results. CuPbSbS 3 -bournonite has a high optical absorption coefficient making it an attractive candidate for use as a light absorber in solar photovoltaic devices. In order to analyze the contribution from different atoms microscopically, we have split the absorption coefficient into inter-(α AA ) and intra-species (α AB ) contributions in accordance with the methodology section. The results are shown in Fig. 3 . The largest contributions are α SS > α PbPb ~ α SbSb > α SbS ~ α SPb According to the former projected PDOS analysis, the greatest contribution to the VB and CB edges are from the p(S) + d(Cu) and p(S) + p(Sb) + p(Pb) states, respectively. Therefore, it could be deduced that the high absorption arises mainly from the [p(S) + d(Cu)] VB → [p(S) + p(Sb ) + p(Pb)] CB transitions because of a high joint DOS near the semiconductor gap. However, the projected absorption coefficients show that the largest contributions are α SS > α PbPb ~ α SbSb > α SbS ~ α SPb . We have not taken the transition probabilities into account in the simplified joint DOS. Only if all the momentum operator matrix elements between all bands and all k-points are equal, will the optical properties be proportional to the joint DOS. In order to clarify this aspect we have obtained the mean-value of <p 2 AB > for all A → B transitions, i.e., <p
. This is shown in Fig. 4 scaled by the maximum value (S-S in the Figure) . From the Figure, the largest values correspond to the A → A intra-species transitions, and with a lower proportion to A → S inter-species transitions. This is in accordance with the order of the split absorption coefficients α SS > α PbPb ~ α SbSb > α SbS ~ α SPb , in which the transition probabilities have been considered. Note that the transition probabilities involving Cu, with a large contribution to the VB edge states, are lower than S-S, Pb-Pb, Sb-Sb, S-Sb, and S-Pb. Therefore, the split absorption coefficients involving Cu are small compared with the aforementioned ones.
Solar cell efficiencies
We have made the assumptions of ideal behavior [14] [15] [16] [17] to obtain maximum efficiencies: the cell operates at 300 K, any non-radiative recombination is suppressed, carrier mobilities are infinite (no ohmic losses), and the illumination comes from an isotropic gas of photons from the spectrum of a 5760 K black body reduced by the factor 46,200.
A more important feature, the functional form with respect to the photon energy of the absorption coefficients, has not been paid much attention so far. In part it is due to the assumption that the solar cell absorbs all incident photons above the band-gap. It implies that the absorption coefficient is a step function, zero for energies lower than the energy band-gap, and constant for energies above the band-gap. In this way the dependence is simplified from the absorption coefficient to the band-gap energy. Then the band-gaps are used as an evaluation criterion for solar cell applications [14] [15] [16] [17] .
Unlike that which is usually done when maximum efficiency is obtained, we have used the absorption coefficients obtained from first principles for several solar concentrations (Fig. 5) . As a consequence, the efficiencies depend on the thickness w of the device. From the results in the figure, solar cell devices of just a few microns thick could reach efficiencies close to the maximum overall efficiency (~31 and 41 % for f c = 1 and f c ~ 46,200, respectively [7] [8] [9] [10] ). Therefore, these materials could be very interesting 
Conclusions
Using GGA + U first-principles density functional theory, we have studied the electronic and optical properties of CuPbSbS 3 -bournonite. Our theoretical results are in accordance with previous experimental results in the literature. The absorption coefficients have been analyzed in depth, splitting them into inter-and intra-species contributions. The results indicate that the largest contributions to the optical properties are from the S-S > Pb-Pb ~ SbSb > S-Sb ~ S-Pb atomic transitions. We have stressed the deficiencies of a simplified joint DOS analyses where the transition probabilities not taken into account. Finally, its potential as a sunlight absorber in single-gap solar cells has been evaluated from the theoretical absorption coefficients. Solar cells, just a few microns of CuPbSbS 3 -bournonite thick, could reach efficiencies close to the maximum efficiencies.
